Thermoelectric (TE) materials, which offer the possibility of directly converting waste heat into usable electricity, could be an important part of the solution to today\'s energy crisis[@b1]. The efficiency of a TE material is represented by the dimensionless figure of merit *ZT* = *S*^2^*σΤ*/*κ*, where *S* is the Seebeck coefficient, *σ* is the electrical conductivity, *T* is the operating temperature and *κ* is the total thermal conductivity arising from two prime contributions, namely, the lattice part *κ*~L~ and the electronic part *κ*~e~. An in-depth understanding of electron and phonon transport in typical TE materials has led to fruitful strategies based on optimizing the tunable transport parameters[@b2]. Two approaches have been adopted to improve the efficiency of thermoelectrics: increase the power factor *S*^2^*σ* by engineering the electronic structure, and reduce *κ*~L~ by introducing additional phonon scattering without the deterioration of power factor. For example, band convergence[@b2][@b3], resonant states from impurity doping[@b4][@b5], and nanostructuring[@b6][@b7] have been demonstrated to be effective in achieving high *ZT* for various TE systems.

The TE quality factor [@b8], which is proportional to the density-of-states (DOS) effective mass *m*\*, the carrier mobility *μ*, and the reciprocal lattice thermal conductivity *κ*~L~, determines the optimal *ZT* of thermoelectrics presuming the dominant scattering mechanism is known. The mobility is sensitive to the effective mass and scattering mechanisms. While a large *m*\* is favourable for high *S*, it will possibly lead to a significant reduction in mobility[@b9]. Acoustic phonon scattering, which gives a *μ* ∝ *T*^−3/2^ dependence, is demonstrated to be the dominant carrier scattering mechanism in most of TE materials used above room temperature with the absence of bipolar effects[@b10][@b11]. In solid solutions, the atomic level disorder causes local potential energy fluctuations that induce additional carrier scattering, that is, disorder scattering or alloy scattering with a *μ* ∝ *T*^−1/2^ relationship. Such a scattering was first studied in metal alloys[@b12] and found having significant influences on the transport behaviour in some TE alloys[@b13][@b14][@b15]. For systems in which the optical phonon branches are prevalent, polar scattering from optical phonons, which also follows *μ* ∝ *T*^−1/2^ dependence, can be prominent at low carrier concentrations[@b16]. Scattering by neutral or ionized impurities, dislocations and grain boundaries are generally weak in magnitude in dense semiconducting samples, and in most cases, are only noticeable at low temperatures.

Half-Heusler (HH) alloys, with a valence electron count of 18, have been extensively studied as potential high temperature TE materials due to their narrow band gap and sharp slope of the density of states near the Fermi level[@b17][@b18][@b19][@b20]. Among them, the HH compounds of the general formula *M*NiSn (*M* = Ti, Hf, Zr) have been of significant interest for their high power factors (*S*^2^*σ*) due to the combination of large Seebeck coefficient (*S* ≈ 200 μV K^−1^ at room temperature) and reasonably high electrical conductivity (*σ* ≈ 10^4^ S m^−1^ at room temperature). Many efforts have been devoted to tune the carrier concentration by doping Sb on Sn sites[@b17][@b21], or to control the atomic antisite disorder[@b22]. However, the high thermal conductivity makes this system less promising for TE applications. To reduce the lattice thermal conductivity, the effectiveness of isoelectronic alloying on the *M* or Ni sublattice in causing additional mass or strain fluctuation[@b17][@b23][@b24], or grain refinement in enhancing phonon scattering at boundaries[@b25][@b26], have been demonstrated.

While the TE performance of *M*NiSn alloys has been significantly optimized and a maximum *ZT* \~ 1 has been obtained at 1000 K for Hf~0.6~Zr~0.4~NiSn~0.98~Sb~0.02~ composition[@b21], there are few analyses on the electron and phonon transport characteristics. ZrNiSn is predicted to have an indirect band gap, and the conduction band extrema is located at the X point of the Brillouin zone[@b27][@b28][@b29]. Recently, we have analyzed the transport properties of n-type (Zr,Hf)NiSn based solid solutions by the single parabolic band (SPB) model[@b30]. A low deformation potential *E*~def~, describing the coupling between phonons and electrons, and a low alloy scattering potential *E*~al~, characterizing the strength of local potential energy fluctuation caused by substitution atoms, are found to be beneficial for maintaining a relatively high electron mobility despite of the large DOS effective mass (*m*\* = 2.8 ± 0.2 *m*~e~). These are intrinsically favourable features contributing to the noticeably high power factors of ZrNiSn based alloys[@b30]. However, when the energy of an electron is comparable with the energy gap (*E*g), the dependence of energy on the crystal momentum is often nonquadratic[@b31], which may lead to a deviation from the SPB model. In this case, the single Kane band (SKB) model, which takes into account the first order nonparabolicity and provides a more accurate description of the electrical transport properties, should be used, as demonstrated in PbTe and PbSe systems[@b2][@b9][@b10][@b31][@b32].

In addition, different from most of high performance TE materials with dominant acoustic phonon scattering[@b10][@b11][@b31], the heavily substituted ZrNiSn (Hf at Zr sites and Pt at Ni sites) alloys exhibits a charge transport dominated by alloy scattering as observed by the *μ*~H~ \~ *T*^−1/2^ dependence[@b30]. In order to deeply probe into the charge transport mechanisms in ZrNiSn based HH alloys, the TE transport characteristics of unsubstituted ZrNiSn alloys should be studied.

In this paper, we study the TE transport of n-type ZrNiSn alloys with no substitutions at Zr or Ni sites but with a small amount of Sb dopant (with similar size and electronic structure as Sn) to adjust the carrier concentration, in order to gain insight understanding of TE transport features in this compound. The experimental electrical properties are analyzed by the SKB model. Surprisingly, the unsubstituted ZrNiSn alloys also exhibit an alloy scattering dominated electron transport, even in the lightest doped samples, which is ascribed to the atomic disorder caused by the fractional occupancy of interstitial sites by Ni in this system. This result demonstrates the significance of intrinsic point defect disorder in affecting the charge transport in TE materials.

Results and Discussion
======================

The XRD patterns of all the ZrNiSn~1-*x*~Sb*~x~* (*x* = 0-0.1) samples are easily indexed to the cubic MgAgAs-type HH crystal structure ([Fig. S1, Supplementary Information](#s1){ref-type="supplementary-material"}). [Figure 1(a)](#f1){ref-type="fig"} shows that the n-type Hall carrier density can be tuned from 5.0×10^19^ to 2.3×10^21^ cm^−3^ by changing Sb content. The *n*~H~ obtained is roughly independent of temperature in the measured temperature range except for the undoped sample, of which the *n*~H~ increases with temperature, indicating the existence of impurity states or the excitation of minority carriers. Surprisingly, the Hall mobility *μ*~H~ of the ZrNiSn samples in [Figure 1(b)](#f1){ref-type="fig"} follows a temperature dependence of *T*^−0.5^, implying an alloy scattering dominated carrier scattering mechanism. [Figure 1(c)](#f1){ref-type="fig"} shows that all doped samples (x ≥ 0.01) exhibit a degenerate semiconductor behavior, with the electrical conductivity decreasing with temperature. A typical alloy scattering behavior *σ* \~ *T*^−0.5^ was again observed, consistent with the trend of *σ* for unsubstituted ZrNiSn compounds reported by other groups[@b33][@b34]. The temperature dependence of normalized electrical conductivity of ZrNiSn, together with other TE materials[@b11][@b35][@b36][@b37], is shown in [Figure 1(d)](#f1){ref-type="fig"}. Different from those systems with charge transport dominated by acoustic phonon scattering, displaying *σ* \~ *T*^−1.5^ dependence, the unsubstituted ZrNiSn compounds obviously exhibits a lower decay rate of *σ*, due to a different carrier scattering mechanism.

It is astonishing that the unsubstituted ZrNiSn alloys exhibit an alloy scattering dominated charge transport, which should not result from the Sb doping alone because Sb has the similar atomic radius to Sn and the Sb content is small. The unexpected alloy scattering should be related to the intrinsic atomic disorder in ZrNiSn alloys. The crystal structures of half-Heusler compound ZrNiSn and Heusler alloy ZrNi~2~Sn are given in [Figure 2](#f2){ref-type="fig"}. A distinct feature of crystal structure of ZrNiSn in comparison with ZrNi~2~Sn is the presence of un-occupied interstitial sites in each unit cell[@b38]. It is reported that there may exist Ni/interstitial site or Zr/Sn antisite disorder in ZrNiSn[@b38][@b39]. The atomic radii of Zr (0.160 nm) and Sn (0.158 nm) are similar[@b38] such that antisite defects were claimed to be responsible for the electrical conductivity change before and after annealing in arc-melted ZrNiSn samples[@b17][@b22]. The crystallographic order of HH alloys is sensitive to the preparation method[@b17][@b22][@b39]. For the levitation-melted ZrNiSn samples, no Zr/Sn antisite defects were observed but a fractional occupancy of Ni on the interstitial site (1/2, 1/2, 1/2) was implied by the Fourier charge density map, and was further confirmed by Rietveld refinements based on high-resolution synchrotron radiation powder X-ray diffraction results[@b39]. Band structure calculation reveals that the formation energy of Zr/Sn antisite disorder is higher than that of Ni/interstitial disorder[@b40]. The electronic structure of *M*NiSn(*M* = Hf, Zr, Ti) HH alloys was also experimentally studied by photoemission spectroscopy excited by soft and hard X-ray synchrotron radiation, and the in-gap electronic states were observed due to the existence of two Ni atoms with different electron occupancies, implying the existence of Ni/interstitial disorder[@b41].

[Figure 3](#f3){ref-type="fig"} shows that the measured Hall carrier concentrations are a little higher than those calculated assuming that each Sb atom provides exactly one electron for ZrNiSn~1-*x*~Sb*~x~* according to the simple valence principle[@b42]. The increased Hall carrier concentrations at high Sb contents could be due to the influence of the intrinsic point defects in this system. The EPMA results ([Table S1](#s1){ref-type="supplementary-material"}) revealed about 5% excess of Ni in the ZrNiSn~1-*x*~Sb*~x~* samples, which may occupy the interstitial sites, as previously observed in ZrNiSn samples[@b39]. The excess Ni can act as electron donors[@b43], and result in an increase in carrier concentration.

The SKB model is used to analyze the electrical transport of the ZrNiSn samples (see [Supplementary Information](#s1){ref-type="supplementary-material"}). Although the alloy scattering due to the point defect disorder is dominant, the acoustic phonon scattering and the polar scattering are also taken into account. Acoustic phonon scattering, or more precisely deformation potential scattering due to non-polar scattering of acoustic and optical phonons[@b10], often dominates charge transport of TE materials. ZrNiSn system is also a polar semiconductor and may have a certain degree of polar scattering from optical phonons.

With the total carrier relaxation time determined by Matthiessen\'s rule (*τ* ~total~ is defined as the total relaxation time, while *τ* ~ac~, *τ* ~po~ and *τ* ~alloy~ are the relaxation times caused by acoustic phonon, polar and alloy scattering, respectively. More details in [Supplementary Information](#s1){ref-type="supplementary-material"}), the electrical transport properties of the ZrNiSn samples can be quantitatively calculated by the SKB model throughout the temperature range discussed in this paper.

[Figure 4(a)](#f4){ref-type="fig"} shows that alloy scattering makes the dominant contribution to the charge transport at 300 K in ZrNiSn alloys, and the calculated mobilities involving both the alloy scattering and acoustic phonon scattering can match well with the experimental mobilities at high carrier concentrations (\>10^21^ cm^−3^). The influence of the polar optical phonon scattering on *μ* becomes notable in the low carrier concentration range. With increasing temperature, the calculated carrier concentration dependence of mobility by the SKB model agrees well with the experimental Hall mobility within the *n*~H~ range from 5.0×10^19^ to 2.0×10^21^ cm^−3^, as displayed in [Figure 4(b)](#f4){ref-type="fig"}. The small amount (\~5%) of atomic disorder in ZrNiSn alloys is apparently sufficient to result in an alloy scattering dominated electron transport, implying the significance of intrinsic point defect disorder in affecting the charge transport in TE materials.

[Figure 5(a)](#f5){ref-type="fig"} shows the temperature dependence of the Seebeck coefficient for ZrNiSn~1-*x*~Sb*~x~* (*x* = 0--0.1). *S* decreases with Sb content due to the increased carrier concentration. The calculated Seebeck coefficients, based on the SKB model with the DOS effective mass *m*\* = 2.8 *m*~e~ (solid curves), agree well with the experimental data in the measured temperature range, while the curves calculated by the SPB model (dash curves) show a deviation from the experimental points above 500 K, indicating that the interaction of conduction band and valance band is more prominent in charge transport at high temperatures and there the SKB model may be more accurate. The calculated Pisarenko curves at different temperatures by the SKB model, with effective mass *m*\* = 2.8 ± 0.1 *m*~e~ at several temperatures, as displayed in [Figure 5(b)](#f5){ref-type="fig"}, agree well with the measured *n*~H~ dependence of *S* together with the literature data[@b21][@b30][@b44][@b45]. Note that with increasing temperature, the DOS effective mass slightly decreases from *m*\* = 2.8 *m*~e~ at 300 K to *m*\* = 2.7 *m*~e~ at 800 K. Although the slight difference looks to be within the data noise and the fit quality, we should bear in mind that the decreasing *m*\* with temperature can also contribute to the temperature dependence of mobility and makes it flatter. The more accurate determination of *m*\* will be beneficial to clarify its contribution to *μ* \~ *T*^−0.5^ dependence observed in this work.

The thermal conductivity decreases with temperature for all the doped samples and the bipolar contribution was observed above 600 K for the undoped sample as shown in [Figure 6(a)](#f6){ref-type="fig"}. The electronic thermal conductivity was calculated by the Wiedemann-Franz law using the Lorenz number based on the SKB model (in [Supplementary Information](#s1){ref-type="supplementary-material"}). It can be seen from [Figure 6(b)](#f6){ref-type="fig"} that the experimental data follows the *κ*~L~ \~ *T*^−1^ at high temperatures since the Umklapp process becomes more prominent with temperature, while a small deviation from *κ*~L~ \~ *T*^−1^ around room temperature was observed, which can be expected from the influence of intrinsic point defect scattering due to the fractional occupancy of interstitial sites by Ni in this system. The observed temperature dependence of *κ*~L~ can be understood as a sum of contributions mainly from the Umklapp scattering of acoustic phonons with *T*^−1^ dependence[@b46] and alloy scattering with *T*^−0.5^ dependence[@b47]. The *κ*~L~ up to 875 K is well above the minimum thermal conductivity of this system predicted with the Cahill model[@b48].

A maximum *ZT* of 0.8 was achieved at 875 K for the ZrNiSn~0.99~Sb~0.01~ sample, as shown in [Figure 7(a)](#f7){ref-type="fig"}, which is comparable to the isoelectronic alloyed *M*NiSn (*M* = Hf, Zr, Ti) compounds[@b21][@b49]. Since the Seebeck coefficient in this system is highly sensitive to the carrier density, over-doping, as observed in our previous work (*n*~H~ ≈ 6--7×10^20^ cm^−3^)[@b21], has resulted in the deterioration of the TE performance. Even higher *ZT* could be achieved in this work if the measurement were extended to higher temperatures, since the Seebeck coefficient is still increasing and the contribution of bipolar effect is not prominent at 875 K. The theoretical figure of merit *ZT* = *S*^2^*σT*/*κ* was calculated based on the SKB model, as shown in [Figure 7(b)](#f7){ref-type="fig"}. The theoretical curve at 875 K was calculated assuming minority carriers have no significant influence on the electron transport. The maximum *ZT* and corresponding optimum Hall carrier density increase with increasing temperature. Both experimental work and theoretical calculations show that the optimal carrier concentrations are near *n*~H~ ≈ 3--4×10^20^ cm^−3^.

Conclusions
===========

Similar to heavily substituted (Zr,Hf)NiSn based solid solution alloys, the unsubstituted ZrNiSn compounds also exhibit an alloy scattering dominated charge transport, as demonstrated by a *μ*~H~ \~ *T*^−0.5^ dependence. The unexpected transport phenomenon can be explained by the Ni partially filling interstitial sites. The analyses revealed that even the small amount of atomic disorder in ZrNiSn half-Heusler alloys is apparently sufficient to result in an alloy scattering dominated electron transport, implying the significance of intrinsic point defect disorder in affecting the charge transport in TE materials. Both experimental work and theoretical calculations show that the optimized *ZT* values are near *n*~H~ ≈ 3--4×10^20^ cm^−3^. The highest *ZT* ≈ 0.8 was obtained for ZrNiSn~0.99~Sb~0.01~ at 875 K. This work suggested that *M*NiSn and perhaps most other half-Heusler thermoelectric materials should be considered disordered especially when trying to understand the electronic and phonon structure.

Methods
=======

High quality samples were fabricated by a time-efficient method combining levitation melting and spark plasma sintering (SPS)[@b21]. Alloys with nominal composition ZrNiSn~1-*x*~Sb*~x~* (*x* = 0, 0.01, 0.02, 0.03, 0.06, 0.08, 0.1) were first prepared by levitation melting of stoichiometric amounts of Zr (piece, 99.99%), Ni (block, 99.99%), Sn (particles, 99.99%), and Sb (block, 99.99%) under an argon atmosphere for 2 min, and the melt was quenched in a water-cooled copper crucible. The ingots were remelted twice to ensure homogeneity. Mechanical milling was carried out in Retsch MM200 Mill with an oscillation frequency of 20 Hz for 20 min. The powders were then sintered by SPS (SPS-1050, Sumitomo Coal Mining Co.) at 1175 K under 65 MPa in vacuum for 10 min. The as-sintered samples, of which the relative densities were \~95%, were used for the thermal conductivity, electrical conductivity and Hall measurements, and then cut into rectangular bars for Seebeck coefficient measurement.

The phase structure of powders and sintered samples were studied by X-ray diffraction (XRD) on a RigakuD/MAX-2550PC diffractometer using Cu Ka radiation (*λ* = 1.5406 Å), and the chemical composition was analyzed by electron probe microanalysis (EPMA, JOEL, JXA-8100) using wavelength dispersive spectroscopy (WDS).

The in-plane electrical conductivity and Hall coefficients were measured using the Van der Pauw method in a magnetic field up to ±2 T[@b50]. The Hall carrier concentration *n*~H~ was calculated via *n*~H~ = 1/*eR*~H~, where *R*~H~ is the Hall coefficient and *e* is the electron charge. The Hall mobility *μ*~H~ was calculated from the Hall coefficient and electrical conductivity *μ*~H~ = *R*~H~σ. The Seebeck coefficient from 300--900 K were measured on a commercial Linseis LSR-3 system using a differential voltage/temperature technique. The thermal conductivity, *κ* was calculated by *κ* = *DρC*~p~, where *κ* is the sample density estimated by an Archimedes\' method. The thermal diffusivity *D*, and specific heat *C*~p~, were measured by a laser flash method on Netzsch LFA457 instrument with a Pyroceram standard. ([Fig. S2, Supplementary Information](#s1){ref-type="supplementary-material"}). Normal and shear ultrasonic measurements were performed at room temperature using input from a Panametrics 5052 pulser/receiver with the filter at 0.03 MHz. The response was recorded via a Tektronic TDS5054B-NV digital oscilloscope.
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![Temperature dependences of (a) carrier concentration *n*~H~, (b) Hall mobility *μ*~H~ (The inset shows the low temperature Hall mobility.), and (c) electrical conductivity for ZrNiSn~1-*x*~Sb*~x~* (*x* = 0--0.1) samples. (d) Normalized electrical conductivity of ZrNiSn~0.99~Sb~0.01~, compared to other TE materials. (The inset shows the electrical conductivity as a function of temperature.)](srep06888-f1){#f1}

![The crystal structure of (a) Heusler ZrNi~2~Sn system and (b) half-Heusler ZrNiSn system.\
The octahedral sites formed by Zr-Sn are half occupied in the half-Heusler system.](srep06888-f2){#f2}

![Room temperature Hall carrier density as a function of Sb content.\
The experimental carrier density is slightly higher than the calculated values, assuming each Sb atom provides exactly one electron for ZrNiSn~1-*x*~Sb*~x~* system (dashed line).](srep06888-f3){#f3}

![(a) Hall mobility as a function of Hall carrier density at 300 K for ZrNiSn~1-*x*~Sb*~x~* (*x* = 0--0.1). (b) Hall mobility as a function of Hall carrier density for ZrNiSn~1-*x*~Sb*~x~* (*x* = 0--0.1) at 300 K, 600 K and 800 K. The solid curves are calculated taking into account polar, alloy and acoustic phonon scattering. The dashed lines show the calculated contribution of individual scattering mechanism.](srep06888-f4){#f4}

![(a) Seebeck coefficient as a function of temperature for ZrNiSn~1-*x*~Sb*~x~* (*x* = 0--0.1) samples. The solid curves are performed based on SKB model while the dashed curves are calculated on SPB model. (b) Seebeck coefficient as a function of Hall carrier density. The solid curves are calculated taking into account polar, alloy and acoustic phonon scattering. The Pisarenko curves based on each mechanism are presented in the [Supplementary Information](#s1){ref-type="supplementary-material"}.](srep06888-f5){#f5}

![(a) The temperature dependence of thermal conductivity and (b) lattice thermal conductivity for ZrNiSn~1-*x*~Sb*~x~* (*x* = 0--0.1) samples.](srep06888-f6){#f6}

![(a) *ZT* as a function of temperature and (b) *ZT* as a function of Hall carrier concentration for Sb doped for ZrNiSn~1-*x*~Sb*~x~* (*x* = 0--0.1).](srep06888-f7){#f7}
